The Pisces-Cetus supercluster (redshift z ∼ 0.06) is one of the richest nearby (z < 0.1) superclusters of galaxies, and emerges as a remarkable filament of galaxies at the edges of the two-degree-field galaxy redshift survey and the ongoing Sloan Digital Sky Survey. We explore the extent of the supercluster on the sky and in redshift space, and map the distribution of its constituent clusters and groups. We find evidence of enhanced star formation in galaxies belonging to groups in the supercluster compared to those in the field. This effect appears to be higher among the poorer groups than in the richer ones. In contrast, star formation is suppressed in the galaxies in rich clusters, which is consistent with previous studies. We identify two major filaments in this supercluster, consisting of 11 and 5 Abell clusters, including Abell 133 and Abell 85 respectively, and estimate the virial masses of the clusters from their velocity dispersions and optical surface brightness profiles. The lower limit to the masses of these filaments, amounting to the total virial mass of the constituent clusters, turns out to be 5. 70 Mpc 3 respectively. This corresponds to mass overdensities of Ω/Ω crit ≡ δ M > 4.7 and δ M > 1.3 for the two filaments making up the supercluster.
INTRODUCTION
Observations and simulations of the large-scale structure of the Universe have revealed the presence of a network of filaments and voids in which most galaxies seem to be found (Zucca et al. 1993; Einasto et al. 1994; Jenkins et al. 1998 ). This implies that that the Universe is not homogeneous on scales below ∼ 100 h −1 70 Mpc (Bharadwaj, Bhavsar, & Sheth 2004; Shandarin, Sheth, & Sahni 2004) , which is the scale of the largest common structures of galaxies, though the discovery of structures far larger than these have been claimed (e.g., Bagchi et al. 2002; Brand et al. 2003; Miller et al. 2004) . Large-scale structures that are much larger than the virial radii of individual rich clusters ( > ∼ 10 h Figure 1 . (a, Left) Clusters of galaxies belonging to Pisces-Cetus supercluster. The minimal spanning tree used to identify the supercluster (Raychaudhury et al. in preparation) is shown connecting the clusters. Edges in the tree with length 20 h −1 < L 25 h −1 Mpc are shown as dashed lines. The groups of galaxies (2PIGG) identified from a friends-of-friends analysis of the 2dFGRS (Eke et al. 2004 ) are shown as little circles. (b, Right) All galaxies with measured redshifts from the 2dFGRS and SDSS surveys in the region, between redshifts of 13920 and 22590 km/s. The SDSS reaches down to δ = −10 • in this RA range, and covers the clusters A85, A87 and A117. The SDSS reaches up to δ = −25 • , and thus a large part of the supercluster falls in the gap between the two surveys, except for the occasional isolated two-degree fields of the 2dFGRS.
Recently, Raychaudhury et al. (in preparation) have compiled a catalogue of supercluster-size structures from a redshift survey of Abell clusters (z < 0.1) using the minimal spanning tree statistic, which contains all the information used in a percolation analysis (Bhavsar & Splinter 1996) , and is particularly sensitive to filaments. In this catalogue, only one of the long filaments (containing 8 or more Abell clusters) is in the 2dF galaxy redshift survey (Colless et al. 2003) [2dFGRS] or Sloan Digital Sky Survey (Abazajian et al. 2005) [SDSS] regions. In fact, it straddles both of them.
More than a decade ago, in a series of papers, Tully (1986 Tully ( , 1987 Tully ( , 1988 pointed out the Pisces-Cetus supercluster to be one of the five richest systems of clusters of galaxies in the z < 0.1 Universe, and speculated that it could be as large as 300 h −1 70 Mpc across, and might include the Local Group. Subsequent work (e.g., Zucca et al. 1993; Einasto et al. 1994 ) has pointed out interesting features of significantly smaller substructures of this remarkable web of galaxies, groups and clusters, and at least one unusually large void (Burns et al. 1988) .
In the supercluster catalogue of Raychaudhury et al. (in preparation) , the Pisces-Cetus supercluster occupies a region of about 700 sq. deg. of the (equatorial) southern sky. While using the Minimal Spanning Tree (MST) in constructing this catalogue, if a maximum edge-length of 20 h −1 100 Mpc is used, the system breaks up into two filaments (A, B) of 11 and 5 clusters respectively, at mean redshifts of 0.0625 and 0.0545 respectively. If, however, adjacent clusters on the tree are allowed to be separated by a distance of up to 25 h
−1 100
Mpc, the supercluster becomes a long filament of 19 clusters at a mean redshift of 0.0591, making the supercluster the third richest in the catalogue (following the Shapley and Horologium-Reticulum superclusters). This is illustrated in Fig. 1a , where the clusters excluded by the former consideration are shown to be connected to the main tree by dashed lines.
In this paper, we seek to characterise the extent of the supercluster in §2 from the 2dFGRS and SDSS surveys, and from the SuperCosmos Sky Survey (Hambly et al. 2001) . In §3 we calculate mean velocities and velocity dispersions for the constituent clusters, while in §4 we look at evidence of enhanced star formation in galaxies belonging to groups along the filaments of the supercluster, as an indicator of galactic interaction in superclusters. In §5 we calculate virial masses of the constituent clusters based on their optical luminosity profiles and velocity dispersion, to estimate a lower limit to the mass overdensity in the supercluster. We summarise our major conclusions in §6. Detailed notes and Xray images of the constituent clusters can be found in the Appendix. Throughout this paper we use H0 = 70 km s
CLUSTERS OF GALAXIES BELONGING TO THE PISCES-CETUS SUPERCLUSTER
The clusters comprising the Pisces-Cetus supercluster from the MST analysis of Raychaudhury et al. (in preparation) form the core of our sample, and are listed in Table 1 . Unlike MST analyses of galaxy catalogues, where completeness is an important consideration, the supercluster list obtained in this catalogue is considered reasonably complete since it arises from an analysis of rich Abell clusters in the volume closer than z < 0.1 (Galactic latitude |b| > 20 • ). To the member list of the Pisces-Cetus Supercluster from the above list, We added a few clusters, in the same volume as the filament, from the Supplementary Abell cluster catalogue ) and the Edinburgh-Durham Southern Galaxy Cluster Catalogue ). These extra clusters were taken as potential members of the supercluster if their redshift as derived in §3 was found to be consistent with the other members. A plot of these clusters within the supercluster region and redshift range, including the connecting MST, can be seen in Fig. 1a . Also plotted are the groups of galaxies in the region of the supercluster covered by the 2dFGRS [δ < −25
• ] from the 2dFGRS Percolation-inferred Galaxy Group (2PIGG) catalogue (Eke et al. 2004) , which are seen to follow a filamentary structure (though not necessarily the tree defined by the MST), as expected from numerical simulations where groups are seen to preferentially form on filaments and move along filaments to fall into clusters. For comparison, Fig. 1b shows all galaxies with spectroscopic redshifts from the SDSS and 2dFGRS catalogues, where only galaxies within 1000 km/s of the upper and lower redshift bounds of the supercluster have been plotted. Overdensities of galaxies are clearly visible in the regions around the richer clusters and the filamentary structure of the supercluster is also visible.
Figs. 2 show the same galaxies, but using the redshift information described below. A combined look at Fig. 1 and Fig. 2 reveals that the supercluster is made of two main filaments. From Figs. 2a, which plots redshift against Right Ascension for the groups and clusters in the region, it is evident that the filament containing A85 is at a lower redshift than the longer filament, which has A133 at the near end and A2716 at the more distant end. The poorer clusters E0332 and S1155 appear to be in a clump separated from both of the main filaments, with a filament of groups joining these three clusters to the principal filament.
SPECTROSCOPIC DATA
Positions from the NASA/IPAC Extragalactic Database (NED) were taken as a starting point for the cluster centres, and then they were located on UK Schmidt Telescope (UKST) BJ plates. The NED positions, particularly those from , were largely inadequate. Therefore, centres were determined from available Xray data whenever possible (see Appendix), and from a visual inspection of the appropriate UKST plates otherwise. Our adopted coordinates can be found in Table 1 .
Redshifts were taken from all available sources including NED, ZCAT (http://cfa-www.harvard.edu/∼huchra/zcat/), the first data release of the 6dF Galaxy Survey Database [6dFGS DR1], the 2dF galaxy redshift survey (Colless et al. 2003 ) and the second release (DR2) of the Sloan Digital Sky Survey (Abazajian et al. 2005 ). The galaxies were initially extracted from these catalogues within an Abell radius (2.14 h −1 70 Mpc) of the new cluster centres and filtered for repeated galaxies.
Mean redshift and velocity dispersion
Mean recessional velocities for clusters that have redshifts available for 4 galaxies, within the Abell radius of 2.14 h
−1 70
Mpc, were calculated from the compilation described above, using an iterative process clipping 3σ about the median, and finally calculating the mean. If 12 galaxies with known redshift remained, the velocity dispersion of the cluster and its error were calculated, using a method that takes into account observational errors on individual redshift measures (Danese, de Zotti, & di Tullio 1980) . The resulting mean velocities, velocity dispersions and the number of cluster members used to calculate them can be found in Table 1 for each cluster belonging to the Pisces-Cetus supercluster.
Velocity histograms of each cluster can be seen in Fig. 3 . Where more than a peak is obviously present, the velocity dispersion of the peak closest to the mean recessional velocity of the supercluster has been adopted. However, in some cases, membership remains ambiguous. For example, even though a large number of galaxies were found with measured redshifts within the Abell radius of A87, it is likely that a large fraction of them are in fact members of A85, since the centres of these two are only ∼2 h −1 70 Mpc apart. Fig. 2b shows all the galaxies with redshifts from 2dF-GRS and ZCAT in the declination range −32
• < δ < −20
• . The diagram shows clearly the filamentary nature of the supercluster and the positions of the Abell clusters on the filaments. There are some clusters not obviously associated with overdensities-these are in the declination range not covered by the 2dFGRS.
THE INFLUENCE OF THE SUPERCLUSTER ENVIRONMENT ON STAR FORMATION IN GALAXIES
Studies of the environmental effects on galaxy evolution in the past have shown that star formation is suppressed in the cores of rich clusters (Dressler 1980; Couch & Sharples 1987; Balogh et al. 1998 ). More recently, from the highquality spectra of the 2dFGRS and SDSS archives, the difference between the properties of star-forming and quiescent galaxies have been further characterised, and shown to depend on the local density of galaxies. For instance, studies (Lewis et al. 2002; Gómez et al. 2003; Balogh et al. 2004) identifying star formation activity with the equivalent width of the Hα emission line W (Hα), show that the fraction of galaxies with W (Hα) > 4Å steadily declines with increase in the three-dimensional density of galaxies. Kauffmann et al. (2004) show similar effects, with the star formation history being quantified from line indices measured elsewhere in the spectrum as well, including the H δ absorption line and the strength of the 4000Å break. It is apparent from various other studies (e.g. Miles et al. 2004 ) that there is evidence for an enhanced rate of galaxy mergers in the not-so-high-density environments of groups, particularly in the poor ones, where the low velocity dispersion of galaxies favours tidal interaction in a dynamically sluggish system. This leads to, for instance, a depletion in the intermediate-mass galaxies as evident from bimodal luminosity functions. In such systems, we would expect the rate of merger-induced star formation to be enhanced with respect to the field, even though star formation is found to be quenched in high density environments typical of rich clusters.
Indeed, in the hierarchically merging scenario supported by large-volume numerical simulations such as Jenkins et al. (1998) , much of this merger-driven evolution in the history of a galaxy is expected to occur in small groups forming in and falling along a supercluster filament towards regions of higher density. In contrast with the behaviour of galaxies in the field and among the highest densities in clusters, where one expects to find an abundance of quiescent galaxies, we would expect to find an increase in the fraction of galaxies with active star formation, induced by interaction, in the groups that belong to a supercluster filament. Here we investigate this effect by selecting a sample of galaxies that belong to groups belonging to the part of the Pisces-Cetus supercluster in the 2dFGRS volume, and comparing their properties with those of galaxies elsewhere.
Rate of star formation: the η parameter
To investigate the variation in the rate of star formation rate with local environment, we used the spectral parameter η, which is found from a principal components analysis (Madgwick et al. 2002) of the 2dFGRS spectra. Madgwick et al. (2003) found a tight correlation between η and the equivalent width of the Hα emission line, suggesting that η is a measure of relative star formation. Here we will look at galaxies with η > 0, which corresponds to W (Hα) > ∼ 4Å, so that we can assume that these galaxies have a significantly enhanced rate of star formation compared to the mass of the older stellar population.
Samples of galaxies in various environments
Seven samples of galaxies were complied from the 2dFGRS (Colless et al. 2003) catalogue, for which the values of η parameter were extracted. These were:
(i) SC-PG: Galaxies (n = 573) belonging to poor groups, extracted from the 2PIGG catalogue of groups found in the 2dFGRS (Eke et al. 2004) , which have 4 N 10 members, and lying within the Pisces-Cetus supercluster region (Fig. 1); (ii) NSC-PG: Same as above, but for poor 2PIGG groups that do not lie in superclusters (n = 3822). This was achieved by omitting all galaxies within a liberal radius of all supercluster centres in the catalogue of Raychaudhury et al. (in preparation) ; (iii) SC-RG: Galaxies (n = 6130) belonging to rich 2PIGG groups, which have N > 10 members, lying in the Pisces-Cetus supercluster region;
(iv) NSC-RG: Same as above, but for groups not in superclusters (defined as in (ii)); (v) FIELD: All galaxies (n = 44363) in the 2PIGG catalogue not flagged as being a member of any group; (vi) SC-C: Galaxies (n = 369) from Abell clusters that are part of the Pisces-Cetus supercluster, falling within the 2dFGRS region.
(vii) NSC-C: Galaxies (n = 552) belonging to Abell clusters in the 2dFGRS regions, with similar redshifts, but not belonging to any supercluster in the Raychaudhury et al. (in preparation) catalogue.
Since the rich "groups" and "clusters" are taken from different lists, some "cluster" galaxies would be included within the "rich group" samples, but this small number will be swamped by the much larger number of group galaxies.
Assuming that η > 0 for a galaxy signifies evidence of enhanced star formation, we investigate the fraction of galaxies that have positive η in the various group and cluster samples, and compare them with the galaxies in the field sample. In Fig. 4 , we plot cumulative histograms of the fraction of galaxies with a value of η between 0 < η < η0 in each sample. The histograms are normalised by the total number of galaxies in each sample.
To find a formal measure of the difference between the histograms, we used both the familiar Kolmogorov-Smirnov (K-S) statistic and the Kuiper statistic (Press et al. 1992 ). Since we are looking for differences in our distributions in the high-η tail, the Kuiper statistic would in principle fare better than the K-S statistic in quantifying differences. (Left, a) Cumulative distribution of the spectral parameter η for galaxies with 0 < η < η 0 , normalised by the total number of galaxies in each sample. A high value of the parameter η indicates a higher width of the Hα emission line, and thus a higher rate of star formation. The thickest solid line refers to the FIELD sample (see section 4.2). The thinnest and medium thick solid histograms refer to poor group galaxies within the supercluster, (SC-PG) and rich group galaxies within the supercluster (SC-RG) respctively. The dashed histograms refer to poor group galaxies not within the supercluster (NSC-PG, thinner line), and to rich group galaxies not within the supercluster (NSC-RG, thicker line). (Right, b) Cumulative distribution of η, as in (a) , with the thick histogram being the field sample as in the left panel, the dash-dotted line representing cluster galaxies within the supercluster region (SC-C) and the dotted histogram standing for cluster galaxies not within the supercluster region (NSC-C).
It can be seen in Fig 4a that there is a marked difference, in the distribution of the η parameter, between the group galaxies within and outside of the supercluster. For both poor and rich groups, galaxies in those that belong to the supercluster show evidence of enhanced star formation. For the SC-PG and FIELD samples, the K-S and Kuiper statistics indicate that the probability of the samples to be drawn from the same parent distribution is 0.01 and 10
respectively. This would be consistent with the filamentary structure of the supercluster leading to an enhanced merger rate among galaxies belonging to the supercluster filament.
For both SC and NSC groups, galaxies in poorer groups seem to have the higher star formation rates. This would support evidence of more rapid merging within the poorer groups, which would have generally lower velocity dispersions, which would in turn encourage tidal interactions. This is in agreement with the difference found between the luminosity functions of galaxies by Miles et al. (2004) in X-ray bright and X-ray faint groups.
Even smaller probabilities are obtained when the SC-PG and SC-C samples, i.e. galaxies belonging to poor groups and to clusters in the supercluster, are compared. On the other hand, the difference between the SC-PG and SC-RG galaxies, however, is marginal, but possibly significant, the probability of being drawn from the same distribution is 0.53 and 0.1 according to the K-S and Kuiper statistics respectively.
It can be seen in Fig 4b that the cluster galaxies have a smaller percentage of their galaxies in the higher η values than the field sample, implying star formation is suppressed in the cluster environment in agreement with Dressler (1980); Couch & Sharples (1987) ; Balogh et al. (1998) . However, the cluster galaxies within the supercluster seem to have an even lower star formation rate than the cluster galaxies outside of the supercluster. This is the opposite trend to that found for the group galaxies.
RADIAL PROFILES OF LIGHT
For all clusters belonging to the Pisces-Cetus supercluster, listed in Table 1 , all galaxies within a radius of 2.14 h
−1 70
Mpc (equal to the Abell radius, defined as 1.5 h −1 100 Mpc) of our adopted centres were extracted from the Reliable Galaxies catalogue of the SuperCosmos Science archive (Hambly et al. 2001) . Galaxies were radially binned, with variable radius such that there was an equal number of galaxies (N ∼ 10) within each annulus. The luminosity per unit area in each annulus was then calculated to plot the surface brightness profiles, an example of which is shown in Fig. 5 . A 10% error is shown associated with each point. Figure 5 . The radial surface brightness profile for galaxies in the Abell 2734, with the best-fit projected NFW model (Eq. 2) superposed. Member galaxies are binned in annuli around the cluster centre, such that each annulus contains an equal number of galaxies.
NFW Surface brightness profiles
The radial surface brightness profiles were fit, using χ 2 minimisation, with the Navarro, Frenk & White (1996) (NFW) model for luminosity density
where rc = r200/c is a characteristic radius, ρc = 3H 2 0 /8πG is the critical density (H0 is the current value of Hubble's constant), and δc and c are two dimensionless parameters, representing the mean overdensity and central concentration of the radial profile respectively. The mass densities of the usual NFW profile are scaled to light density profiles assuming light traces mass, at least in the visible cores of each cluster, such that δ λ = δc/Υ, where Υ ≡ M/L is the mean mass-to-light ratio of the cluster.
This implies that the projected surface brightness
with
where x = r/rc, R being the projected radius from the centre of the cluster. This projected model is then fit to the observed surface brightness profiles, with an additional constant term to represent foreground/background galaxies. An example of such a fit can be found in Fig. 5 for the cluster Abell 2734. The profiles are generally well fitted with 16 of the clusters having reduced chi squared values of between 0.9 to 1.1, except for a couple of cases with obviously deviant points.
Virial mass estimates
The mass within a radius r from the centre of the cluster can be derived from the modelled velocity dispersion and spatial density profiles λ (r) (Koranyi & Geller 2000) . On assumption of a constant mass-to-light ratio Υ ≡ M/L, the mass density ρ (r) ≡ Υ λ (r), following (1), results in the enclosed mass profile,
The core radius rc has already been found in the fitting of the surface brightness profile above. The quantity δc and c are linked by the requirement that the mean density within r200 should be 200×ρc, i.e.,
where c = r200/rc. Assuming that the virial theorem holds, an estimate of r200 can be gained from
M200rv Mνr
where σ 2 r is the radial velocity dispersion of the cluster and rv is the approximate virial radius determined by
where N is the number of galaxies in the system. The summation is over all pairs of galaxies (i, j), where the projected separation for each pair is Rij (Binney & Tremaine 1987) . The enclosed mass profile (4) can be used to find M200 and Mν in terms of δc. The calculated cluster masses within the Abell radius of 2.14 h −1 70 Mpc, and their core radii and virial radii found from the model fitting, can be found in Table 1 .
The virial estimate will fail to represent the gravitating mass of a cluster which is very obviously in the process of rapid evolution, e.g. a collapsing or interacting system, since the virial theorem does not strictly apply to systems whose moment of inertia is significantly changing with time. Abell 87 is obviously such a system (see Appendix), so instead of measuring its virial mass, we have assumed it to be equal in mass to Abell 85 in overdensity calculations.
A lower limit to the Mass of the Supercluster
The sum of the individual virial masses of the clusters, as calculated in the previous section, can be treated as a lower limit to the mass of the supercluster. As described above, we assume that the mass of Abell 87 is the same as that of Abell 85. For the entire system consisting of 19 Abell clusters and three non-Abell clusters, as listed in Table 1 3 ) for the A85-related and A133-related filaments respectively. These values are similar to those found in the core of the Shapley supercluster, and the cosmological significance of such overdensities in a supercluster filament has been discussed in the literature (Raychaudhury 1989; Ettori, Fabian, & White 1997) . Given that these represent just the mass of the clusters in the filament, and that the matter density of the Universe is ΩM ∼ 0.3, these amount to very significant overdensities over very large volumes, larger than is required for a given volume to turn around and collapse upon itself.
CONCLUSIONS
We have used survey redshifts (mainly from 2dFGRS, 6dFGS, SDSS, NED and ZCAT) and photometry (from SuperCosmos) of galaxies belonging to the clusters belonging to the Pisces-Cetus supercluster to investigate its nature, extent and orientation. The supercluster consists of two main filaments, consisting of 11 and 5 clusters respectively, at mean redshifts of z =0.0625 and 0.0545 respectively. Most of the former, containing the cluster A133, lies in the 2dFGRS region, and gives us a remarkable three-dimensional view of a string of clusters, with groups delineating the filamentary structure. The latter, partially covered by the Sloan Digital sky survey, contains the clusters A85 & A87, for which independent evidence exists (from X-ray observations) of collapse along the filament.
For the galaxies lying in the region of the sky covered by the 2dFGRS, we investigated the evidence of enhanced star formation in groups and clusters within and outside the supercluster, using the η parameter measured from principal components of the spectra, which has been shown to correlate well with the equivalent width of the Hα emission line. We found that while, as expected, cluster galaxies have evidence of suppressed star formation compared to galaxies in the field, a higher percentage of the galaxies in groups belonging to the supercluster have enhanced star formation compared to those in the field. This would be consistent with the filamentary structure of the supercluster leading to an enhanced merger rate, which would in turn induce star formation.
Of these, from the η values, it appears that galaxies in poor groups in the supercluster have more enhanced star formation than those in the richer groups. This would imply that due to the enhanced rate of galaxy mergers within the poorer groups, which in general have lower velocity dispersions and thus the galaxies in them experience more dynamical friction. This agrees with the difference of the luminosity function of galaxies between X-ray bright and X-ray faint groups (Miles et al. 2004 ).
Virial masses were calculated from NFW fits to surface brightness profiles and velocity dispersions for the constituent clusters, the sum of these masses being taken as a lower limit to the mass of the supercluster. These were found to be 5. 70 Mpc 3 ) respectively, for the A85-related and A133-related filaments. These values indicate that in both these branches, it is likely that a large fraction of the supercluster has already turned around and collapsed upon itself.
We started this discussion with the debate concerning the scale of the largest bound structures in the Universe, and the scale of homogeneity of the Universe. Ever since the discovery of the "Great Wall" (Geller & Huchra 1989) , which seemed to be a structure almost < 200 h −1 70 Mpc long, the discovery of comparable structures have been claimed (e.g., Bagchi et al. 2002; Brand et al. 2003; Miller et al. 2004) . To be cosmologically significant, it is necessary to show that these large structures are gravitationally bound, which is difficult to demonstrate. In this work, the two supercluster filaments we consider are respectively 100 h 
